[1] Controlled laboratory-scale column deposition experiments were conducted using a well-characterized mutant of the Escherichia coli (E. coli) K12 strain to obtain insight into the mechanisms that give rise to the observed deviation from classical colloid filtration theory (CFT). Both the suspended effluent bacteria concentration and the spatial distribution of retained bacteria were systematically measured over a wide range of solution conditions using columns packed with spherical glass beads. Calculations of Derjaguin-Landau-Verwey-Overbeek (DLVO) interaction energies based on measured cell zeta potentials indicated that the bacteria should experience considerable repulsive interaction forces when approaching the glass bead surface. In spite of these predictions, bacterial adhesion was observed even at the lowest solution ionic strength investigated (3 mM) and increased with solution salt concentration. Comparison of these results with measurements obtained using model colloidal particles (polystyrene latex microspheres) and a different microbe (Cryptosporidium parvum) suggested that another non-DLVO-type interaction may be contributing to the observed deposition behavior. Furthermore, predictions based on a discrete dual deposition mode (DDM) model disagreed with measured fractions of released cells. Taken together, the experimental and modeling results suggest that the deposition behavior of bacteria in saturated porous media is influenced by additional interaction mechanism(s) or factors not considered in classical DLVO theory, such as local charge heterogeneities of the cell membrane and surface biomolecule-specific interactions. 
Introduction
[2] There is a considerable ongoing effort aimed at understanding the mechanisms governing the transport and fate of colloidal particles, particularly microorganisms, in natural and engineered aqueous systems. Microbial transport and deposition in saturated porous media is of particular interest in various environmental applications such as in situ bioremediation [Thomas and Ward, 1989] , riverbank filtration [Schijven et al., 2003] , and land disposal of treated wastewater effluents [Gerba et al., 1991] . In most cases, the objective is to achieve a target concentration or specified degree of removal of the microorganisms at a certain distance. Useful predictions of microbial transport in natural subsurface environments requires a thorough understanding of the various physical, chemical and biological mechanisms controlling removal of microbes from the pore fluid. Consequently, a great deal of effort has gone into investigating the factors that influence microbial attachment to natural or model sediment surfaces [Considine et al., 2000; Meinders et al., 1995; Redman et al., 1997; Schijven and Hassanizadeh, 2000; Tufenkji et al., 2004] .
[3] Although substantial experimental and theoretical research has been directed at elucidating the interactions governing the transport and deposition of microorganisms in different aqueous environments, a number of unresolved issues remain. In particular, the suitability of the classical colloid filtration theory (CFT) in predicting particle transport and deposition has recently been brought into question. Originally presented by Yao et al. [1971] , this theory is the most commonly used approach for describing removal of colloidal particles, including microorganisms, in saturated porous media. In this ''clean bed'' filtration model, the removal of suspended particles is described by first-order kinetics, resulting in concentrations of suspended and retained particles that decline exponentially with distance. Despite widespread use in modeling and experimental studies, a growing body of evidence suggests that the deposition behavior of microorganisms (e.g., bacteria, protozoa, and viruses) [Albinger et al., 1994; Baygents et al., 1998; Bolster et al., 1999; Camesano and Logan, 1998; Martin et al., 1996; Redman et al., 2001; Simoni et al., 1998; Tong et al., 2005a Tong et al., , 2005b Tufenkji and Elimelech, 2005b] is generally inconsistent with the classical CFT. Several explanations have been presented to account for this observed deviation from CFT, including physical straining [Bradford and Bettahar, 2005] , particle deposition dynamics [Tufenkji et al., 2003] and heterogeneity in the surface properties of colloids and collectors [Baygents et al., 1998; Li et al., 2004; Simoni et al., 1998; Tufenkji and Elimelech, 2004b] . While the causes of deviation from CFT with respect to microbial deposition have been hypothesized, the mechanisms controlling this behavior have not been fully elucidated.
[4] Experiments conducted using an adhesion-deficient, nonmotile bacteria (Comamonas DA001) reveal unusual deposition behavior depending on the type of porous media selected [Tong et al., 2005a [Tong et al., , 2005b . In both studies, the observed profiles of retained bacteria exhibited considerable deviation from predictions based on classical colloid filtration theory [Tong et al., 2005a [Tong et al., , 2005b . In one series of experiments conducted using columns packed with spherical glass beads, the solution pH was allowed to vary between 6 and 9.4 along the length of the packed bed [Tong et al., 2005b] . These researchers observed that the maximum concentration of retained bacteria in the packed bed shifted downgradient with increasing fluid velocity and increasing elution times. This behavior was attributed to bacterial detachment from the collector (glass bead) surface. In another study using the same bacterial strain and columns packed with quartz sand, the measured spatial distributions of retained bacteria exhibited a shape indicative of decreasing bacterial deposition rates with distance [Tong et al., 2005a] . The observed nonexponential and low degree of deposition of the bacteria DA001 in a packed bed of quartz sand was believed to be controlled by steric interactions associated with cell surface polymers [Tong et al., 2005a] .
[5] Recent investigations [Li et al., 2004; Elimelech, 2004b, 2005a] conducted with uniform spherical model colloidal particles and collectors under controlled physicochemical conditions (where removal of colloids due to physical straining was found to be negligible) suggest that breakdown of CFT in the presence of repulsive Derjaguin -Landau -Verwey -Overbeek (DLVO) interactions [Derjaguin and Landau, 1941; Verwey and Overbeek, 1948] can be attributed to surface inhomogeneities in the particle population which give rise to a distribution in particle-collector interaction energies. Specifically, some particles may deposit in the absence of repulsive interaction energies (i.e., under conditions deemed favorable for deposition), whereas others may overcome the repulsive energy barrier and deposit in the primary energy well (deposition under conditions considered unfavorable for deposition). To account for the concurrent existence of favorable and unfavorable conditions, a dual deposition mode (DDM) model has been proposed which considers the combined influence of ''fast'' and ''slow'' particle deposition [Tufenkji and Elimelech, 2004b] . This DDM model has been shown to successfully describe both the spatial distribution of retained particles and the breakthrough fluid phase particle concentration in column deposition experiments conducted with polystyrene latex colloids [Tufenkji and Elimelech, 2004b] as well as oocysts of Cryptosporidium parvum (C. parvum) [Tufenkji and Elimelech, 2005b] .
[6] The objective of this study is to evaluate the applicability of the proposed DDM model in predicting the transport and deposition behavior of bacterial cells. Measured spatial distributions of bacterial cells in columns packed with spherical glass beads are compared to model calculations for a wide range of physicochemical conditions. The microorganism used in this study is a wellcharacterized mutant of Escherichia coli (E. coli) K12. Comparison of bacterial retention with results obtained using different sized polystyrene latex particles supports the hypothesis that non-DLVO interactions are an important factor in the deposition behavior of this microorganism and play a role in the observed deviation from colloid filtration theory.
Materials and Methods

Bacterial Cell Preparation and Characterization
[7] The mutant of E. coli K12 strain, D21, used in this study was obtained from the E. coli Genetic Stock Center at Yale University. This is a nonmotile strain [Jones et al., 2003] and has been reported as producing little or no extracellular polymeric substances (EPS) [Razatos et al., 1998 ]. E. coli strain D21 expresses a lipopolysaccharide (LPS) that extends from the lipid to the outer core region [Burks et al., 2003; Walker et al., 2005a Walker et al., , 2004 . Although the deposition behavior of this microorganism has previously been investigated using packed columns [Burks et al., 2003; Walker et al., 2004] , in those studies, the spatial distributions of retained cells were not evaluated.
[8] The cells were grown in Luria-Bertani broth (25 g/L) (LB broth, Fisher) in the presence of streptomycin (0.1 mg/L) at 37°C and harvested in the early stationary phase (14.5 h). To separate bacterial cells from the growth medium, the bacterial suspension was centrifuged (Sorvall RC26 Plus) for 15 min at 3823g in an SS34 rotor (Kendro Laboratory Products, Newtown, CT). The growth medium was decanted, and the pellet was resuspended in a 100 mM KCl electrolyte solution at an adjusted pH of 8 (1 mM KHCO 3 ). To remove all traces of the growth medium, the bacterial cells were centrifuged and resuspended in fresh electrolyte solution (100 mM KCl) two additional times. Washed cells ($5 Â 10 9 cells/mL in 100 mM KCl) were radiolabeled with tritiated leucine (L-[4,5-3 H]leucine, 25 Ci/mL) (Amersham Biosciences) for 3 hours with gentle agitation following a modified method of Burks et al. [Burks et al., 2003] . Radiolabeled cells were filtered through a 0.2 m syringe filter (Millipore) to remove unassimilated leucine. The filter was rinsed with 10 mL of a buffered KCl electrolyte solution, reversed, and the cells pushed off the filter using 50 mL of the same salt solution. This procedure was performed twice to ensure removal of excess radiolabel. Using this approach, radiolabeled bacterial cells were recovered at the desired final concentration ($10 7 cells/mL) in the electrolyte solution of interest for each experiment. Analytical reagent grade KCl (Fisher Scientific) and deionized (DI) (Barnstead) water were used to prepare electrolyte solutions. Salt concentrations were varied over a wide range of ionic strengths (3 -300 mM) so that favorable and unfavorable deposition could be studied. The pH of the suspensions was adjusted to 8 by addition of KHCO 3 .
[9] To ensure that bacterial cells were live after the multiple centrifugation and/or filtration steps, viability of the cells was determined over a wide range of solution conditions using the BacLight Viability Kit (Molecular Probes, Eugene, OR). This technique involves direct counting of stained live and dead cells using a fluorescent microscope (Axiovert 200m, Zeiss, Thornwood, NY) . Cell viability for radiolabeled strain D21 after filtering was found to be greater than 94% at the lower salt concentrations investigated (3, 10, and 30 mM) but noticeably lower (80%) at the highest ionic strength (300 mM).
[10] The nominal size of the bacterial cells was determined by analyzing images taken in an inverted fluorescent microscope operating in phase contrast mode. Ten microliters of a bacterial suspension (10 7 cells/mL at 30 mM ionic strength) was placed on a microscope slide and several images were recorded. Using an image processing program (ImageJ, NIH), the average lengths of the major and minor axes for the bacterial cells were determined to be 3.4 m and 1.5 m, respectively. The resulting equivalent spherical diameter of E. coli strain D21 was found to be 2.0 m.
[11] Microelectrophoresis (ZetaPALS, Brookhaven Instruments Corporation, Holtsville, NY) was used to characterize the electrokinetic properties of the bacterial cells over the range of ionic strengths used in the column experiments. Electrophoretic mobility was measured at 25°C (±1°C) using both unlabeled and radiolabeled cell suspensions (10 5 -10 6 cells/mL) prepared in the background electrolyte of interest. These measurements were repeated using at least three different samples of each bacterial suspension. To determine whether passage through the packed column resulted in any measurable variation in cell surface charge, samples of the effluent cell suspension from each column deposition experiment were collected and measured. Electrophoretic mobilities of bacterial cells were converted to zeta potentials using tabulated numerical calculations of Ottewill and Shaw [Ottewill and Shaw, 1972] .
Porous Media Preparation and Characterization
[12] Spherical soda lime glass beads (Class V, MO-SCI Corporation, Rolla, MO) were utilized as model collector grains. The manufacturer reported the average diameter of the glass beads as 0.328 mm. This grain size was selected to prevent possible straining of bacterial cells during transport experiments. Previous work conducted with larger colloids (latex microspheres and Cryptosporidium oocysts) using the same or smaller glass beads revealed that straining would be negligible in this system [Tufenkji and Elimelech, 2005b; Tufenkji et al., 2004] . The chemical composition (by weight) of the beads is as follows: $70% SiO 2 , $3% Al 2 O 3 , $10% CaO, $3% MgO, $15% Na 2 O, <0.3% Fe 2 O 3 . The glass beads were thoroughly cleaned to remove grease and other impurities as described elsewhere [Tufenkji and Elimelech, 2004b] . The electrokinetic properties of the glass beads were measured over the range of solution conditions used in the column experiments as described by Tufenkji and Elimelech [2004b] .
Column Deposition Experiments
[13] Transport experiments were conducted by pumping a suspension of radiolabeled bacterial cells through a glass chromatography column packed with clean soda lime glass beads. An adjustable height column (C 16/20, Amersham Biosciences, Piscataway, NJ) with an inner diameter of 1.6 cm was used. The soda lime glass beads were wet packed to a height of 12.6 cm with vibration to minimize any layering or air entrapment. Standard gravimetric methods were used to determine the glass bead density (2.43 g/cm 3 ) and a column packing porosity of 0.37.
[14] Prior to each experiment, the packed column was equilibrated by injecting (Model 200 syringe pump, KD Scientific Inc., New Hope, PA) 20 pore volumes of the background electrolyte solution through the column at a constant approach (superficial) velocity of 8.3 Â 10 À3 cm/s. A bacterial suspension (5 Â 10 6 -2 Â 10 7 cells/mL) of the same background electrolyte composition was pumped for 2.8 pore volumes (or 1553 seconds) followed by a bacteriafree background electrolyte solution (2.8 pore volumes). A constant influent cell concentration (C 0 ) was maintained by inserting a miniature magnetic stir bar in the bacterial solution syringe. Bacterial cell concentration at the column outlet was monitored online using optical density measurements (at 280 nm) with a UV/visible spectrophotometer (Hewlett-Packard Model 8453) and a 1 cm flow-through cell. The total amount of retained cells (N dep ) was determined by calculating the difference between the number of cells injected into the column (N inj ) and the amount obtained by numerically integrating the breakthrough curve (N effl ). Each bacterial transport experiment was conducted at least twice and very good reproducibility was observed.
[15] In selected experiments, two additional pulses of bacteria-free electrolyte solutions were pumped through the column to initiate the elution (release) of previously deposited bacteria. A pulse of low ionic strength solution (0.1 mM KHCO 3 ) was first pumped through the column, followed by an injection of a high pH solution (1 mM KOH, pH $ 11). The total number of cells released (N rel ) was calculated by numerically integrating the two elution pulses, to determine the fraction of released bacteria, f rel , where f rel = N rel /N dep .
[16] After completing a bacterial transport experiment, the packed bed was dissected into sections to obtain the spatial distribution of bacterial cells in the column. The bottom end piece was removed without disturbing the packed bed and the porous medium was extruded in 1-cm wide sections by gravity. The packed bed remained saturated with electrolyte solution during the entire extrusion process so as not to shift or cause release of retained cells. Each 1-cm section of porous media was placed directly into a preweighed scintillation vial containing 1 mL of 1 mM NaOH. In this low ionic strength, high pH ($11) solution, the surfaces of both the soda lime glass beads and the bacterial cells are highly negatively charged, causing release of retained cells from the glass surface. Filled scintillation vials were weighed, mixed with 12 mL scintillation cocktail (Ultima Gold, Perkin-Elmer, Boston, MA), sonicated (Aquasonic 150T, VWR Scientific Products, West Chester, PA) for 10 min, and vigorously shaken prior to analysis in a liquid scintillation counter (Tri-Carb 2900 TR, Perkin-Elmer). Retained cell concentrations in each section of porous media were determined using a linear calibration curve with quench correction. The mass of glass beads in each section (determined from the weights of empty scintillation vials, and liquid-and bead-filled vials) was used to calculate the length of each slice.
[17] In each experiment, the mass balance of bacteria was determined by comparing the number of deposited cells calculated from integrating the breakthrough curve (N dep ) to the amount retained based on measurement in the liquid scintillation counter. In most experiments the mass balance was within ±16%, but in experiments conducted at the higher ionic strengths (100 and 300 mM), the mass balance was in greater error (within À38%). Filtering samples from the influent cell suspension after allowing for the duration of a deposition experiment revealed that more than 70% of the radioactivity was cell associated at the lower ionic strengths investigated. However, at the higher salt concentrations (100 and 300 mM), these measurements suggest that leaching of the radiolabel may be occurring (i.e., only 53% of the radiolabel is found to be cell associated). The larger error in the mass balance observed at high salt concentrations may be attributed to release of the radiolabel caused by cell lysing (recall the lower viability observed at 300 mM).
Results and Discussion
Electrokinetic Properties of Bacterial Cells and Glass Beads
[18] In Figure 1 , the zeta () potentials of radiolabeled bacteria and soda lime glass beads are presented as a function of solution ionic strength. The bacteria and the glass beads are negatively charged at the pH of the experiments (8), and their zeta potentials become less negative with increasing ionic strength due to compression of the electrical double layer. These zeta potentials are used later to calculate DLVO interaction energies. It should also be noted that the zeta potential of unlabeled cells is virtually identical to that of radiolabeled bacteria. There was also no measurable difference in -potential of the influent radiolabeled bacterial suspension in comparison to that of the column effluent suspension (data not shown).
Retention of E. coli D21 in Packed Beds
[19] Representative breakthrough curves obtained from column deposition experiments conducted with suspensions of E. coli D21 at different solution ionic strengths are presented in Figure 2 . In Figure 2 , the normalized effluent bacteria concentration (C/C 0 ) is plotted as a function of time. In general, the deposition of E. coli D21 on the glass beads increases (C/C 0 decreases) with increasing ionic strength. For instance, at the lowest ionic strength considered (3 mM), the relative breakthrough (C/C 0 ) of bacteria is approximately 0.98. As the salt concentration in the background electrolyte solution increases, the degree of bacterial deposition in the column increases, as indicated by the breakthrough behavior shown in Figure 2 (0.83 at 10 mM, 0.39 at 100 mM, and 0.14 at 300 mM).
[20] These results are somewhat surprising in light of the measured zeta potentials for the E. coli cells and the glass bead collectors (Figure 1 ). The measurements presented in Figure 1 indicate that both E. coli D21 and the glass beads have a net negative surface charge over the range of ionic strengths investigated. These measured zeta potentials suggest that repulsive electrical double-layer interactions should inhibit adhesion of the E. coli onto the glass beads. However, the experimental results shown in Figure 2 clearly demonstrate that the cells adhere onto the glass beads under all solution conditions examined. This unexpected degree of bacterial attachment has previously been observed by other researchers using E. coli D21 and various other bacteria [Abu-Lail and Camesano, 2003; Baygents et al., 1998; Redman et al., 2004; Walker et al., 2004] . To better understand the role of colloidal interactions in the deposition of bacteria onto the glass bead collectors, the DLVO theory of colloidal stability is used to evaluate the total interaction energy upon approach of a bacterial cell to the glass bead surface [Derjaguin and Landau, 1941; Verwey and Overbeek, 1948] .
[21] The total interaction energy, namely, the sum of van der Waals (VDW) attraction and electrical double-layer (EDL) repulsion, was determined by treating the bacteriaglass bead system as a sphere-plate interaction. Constant potential EDL interactions were calculated using the expression of Hogg et al. [1966] , where the zeta potentials of the bacteria and soda lime glass beads were used in place of the respective surface potentials. The retarded VDW attractive interaction energy was calculated from the expression proposed by Gregory [Gregory, 1981] . A value of 6.5 Â 10 À21 J was chosen for the Hamaker constant of the glass-water-bacteria system [Simoni et al., 2000] . Key parameters determined from DLVO interaction energy Figure 1 . Zeta () potentials of unlabeled E. coli D21 (circles), radiolabeled E. coli D21 (inverted triangles), and soda lime glass beads (squares) over a range of ionic strengths (KCl) at pH 8 (1 mM KHCO 3 ). profiles for the bacteria -glass bead system, namely, the height of the repulsive energy barrier, F max , and the depth of the secondary energy well, F 2°min , are presented in Table 1 as a function of solution ionic strength (with another parameter to be discussed later). Inspection of Table 1 reveals that the height of the repulsive energy barrier for the interaction of E. coli D21 with the glass bead collector is on the order of thousands of k B T at the lowest ionic strengths and decreases with increasing ionic strength (from 3000 k B T at 10 mM, 1200 k B T at 30 mM, and 58 k B T at 100 mM). These extremely high calculated energy barriers to deposition in the primary energy minimum [Elimelech et al., 1995] emphasize the low theoretical probability for bacterial deposition in this energy well. It should be noted however, that these DLVO calculations assume that the surfaces of the glass bead collectors and the bacterial cells are uniformly charged. However, it is highly probable that both the glass beads and the bacteria exhibit a certain degree of surface charge heterogeneity [Camesano and Abu-Lail, 2002; Song et al., 1994; Tufenkji and Elimelech, 2005a; Walker et al., 2004] . A well-known source of charge heterogeneity on the surface of commercial glass beads is the presence of various metal oxide impurities (e.g., Al 2 O 3 , CaO, MgO, Na 2 O, and Fe 2 O 3 ) [Song et al., 1994] . At the solution pH of the column experiments presented here ($8), these metal oxides will be near-neutrally charged or carry a slight positive charge in comparison to the bulk SiO 2 surface which will be highly negatively charged. Bacterial cells can also exhibit local surface charge heterogeneity [Walker et al., 2005b] or intrapopulational heterogeneity [Baygents et al., 1998 ]. Such variations in local or whole cell surface potentials would give rise to considerably different DLVO interaction energy predictions. Thus one possible explanation for the observed bacterial deposition behavior is the presence of collector and bacterial surface charge heterogeneity giving rise to conditions which are more favorable for deposition (i.e., causing a decrease in or complete elimination of the repulsive energy barrier in the bacteria -glass bead interaction energy profile).
[22] Another calculated DLVO parameter shown in Table 1 is the predicted depth of the secondary energy minimum in the bacteria -glass bead interaction energy profile (F 2°min ). These calculated values reveal the presence of a relatively deep energy well at high ionic strength (28 k B T at 100 mM) which becomes more shallow with decreasing solution salt concentration (0.35 k B T at 3 mM). Because the secondary energy minimum is located at a greater separation distance than the repulsive energy barrier, bacteria can be retained in this energy well even under conditions which are generally considered unfavorable for deposition (i.e., similarly charged bacteria and collectors). The role of the secondary energy minimum in bacteria and particle attachment during transport through porous media has been examined by several researchers [Franchi and O'Melia, 2003; Litton and Olson, 1996; . Using a comparison of column transport experiments and complimentary impinging jet experiments, Redman et al. [2004] demonstrated the importance of secondary minimum deposition in the transport behavior of E. coli D21. The results of other recent studies suggest that the secondary energy well can also control the deposition of nonbiological colloids (e.g., polystyrene latex and hematite) [Franchi and O'Melia, 2003; Litton and Olson, 1996] . On average, such colloids and/or bacterial cells possess a thermal (Brownian) energy in any direction on the order of 0.5 k B T . Thus calculated values of F 2°min shown in Table 1 suggest that the bacteria can readily be retained in this energy well even at low solution ionic strengths (e.g., F 2°min $ 1.5 k B T at 10 mM).
Bacterial Transport and Deposition Kinetics
[23] The experimental results presented in Figure 2 can be compared quantitatively by calculating values of the attachment (collision) efficiency, BTC , from each bacteria breakthrough curve. The attachment efficiency is defined as the ratio of the single-collector removal efficiency () and the single-collector contact efficiency ( 0 ) for deposition in the absence of repulsive interaction energies, i.e., = / 0 , a dimensionless deposition rate [Elimelech and O'Melia, 1990; Tufenkji and Elimelech, 2004a; Yao et al., 1971] . The experimental single-collector removal efficiency, , was determined from each breakthrough curve as follows:
where d c is the diameter of the collector grains, " is the bed porosity and L is the packed bed length. Equation (1) follows from a solution of the general advection-dispersion equation under steady state conditions where the effects of hydrodynamic dispersion have been neglected [Tufenkji et al., 2003] . It should also be noted that this formulation does not consider the influence of particles or cells detaching from the collector surface. The normalized column effluent concentration (C/C 0 ) in equation (1) was obtained from each breakthrough curve by averaging the values measured between pore volumes 1.8 and 2. The value of 0 for the described experimental conditions was evaluated using the results obtained in the experiment conducted at 300 mM ionic strength. At this solution ionic strength, DLVO calculations predict no energy barrier to deposition (Table 1 , fifth row). Thus the value of the single-collector contact efficiency ( 0 ) can be determined from the normalized column effluent concentration (C/C 0 ) measured in the 300 mM experiment using the same approach described above (equation (1)). This approach to evaluating 0 assumes that the attachment efficiency () of E. coli D21 approaches a value of 1 at a salt concentration of 300 mM (where there is no predicted energy barrier to deposition). The value of the single- [Tufenkji and Elimelech, 2004a] .
[24] Bacterial attachment efficiencies calculated from the breakthrough curves in Figure 2 ( BTC = / 0 ) are presented in Table 1 as a function of solution ionic strength. The observed deposition behavior is in qualitative agreement with DLVO theory whereby an increase in salt concentration results in an increase in BTC for E. coli D21. As discussed in the previous section, this increase in deposition could be attributed to the combined influence of the decreasing height of the repulsive energy barrier and the increasing depth of the secondary energy well. The significance of these calculated bacterial attachment efficiencies will be discussed in more detail in section 3.5.
Spatial Distributions of Bacterial Cells in Packed Beds
[25] Few studies have examined profiles of retained bacteria following a traditional column deposition experiment [Albinger et al., 1994; Baygents et al., 1998; Bolster et al., 1999; Camesano and Logan, 1998; Martin et al., 1996; Tong et al., 2005a Tong et al., , 2005b . Quite often, these experiments were conducted using columns packed with natural sediments and complex electrolyte solutions [Tufenkji et al., 2003] . Under such conditions, various unaccountable factors may arise such as physical straining in porous media interstices [Bradford et al., 2002] and specific interactions between certain dissolved ionic species and cell or collector surfaces [Stumm, 1987] . In Figure 3 , spatial distributions of retained cells of E. coli D21 obtained by carefully dissecting the packed bed following the completion of each deposition Figure 3 . Comparison of experimental retained radiolabeled E. coli D21 concentration profiles (symbols) and predictions based on classical CFT using BTC determined from the corresponding breakthrough curve (dashed lines) for different solution ionic strengths: (a) 3 mM, (b) 10 mM, (c) 30 mM, (d) 100 mM, and (e) 300 mM. Experimental conditions were the same as in Figure 2 . experiment are presented. The profiles of retained bacteria D21 shown in Figure 3 correspond to the breakthrough curves shown in Figure 2 . In these graphs, the retained cell concentration, S(x), is plotted as a function of distance, x, from the top of the packed bed.
[26] To verify whether the observed spatial distributions of retained D21 cells are in agreement with predictions based on classical colloid filtration theory (CFT), the measured profiles are compared to those calculated using the attachment efficiency determined from the corresponding breakthrough curve ( BTC ) [Tufenkji and Elimelech, 2004b] :
where the particle deposition rate coefficient, k, is defined as follows [Tufenkji et al., 2003 ]:
Here v is the interstitial microbe velocity, b the porous medium bulk density, and t 0 the duration of continuous microbe injection at concentration C 0 (at x = 0). Equation (2) is the form of the classical CFT [Tufenkji and Elimelech, 2004b; Tufenkji et al., 2003 ] which allows one to evaluate the concentration of retained colloids at a given distance x.
The dashed lines in Figure 3 represent profiles of retained bacteria calculated using equations (2) and (3) and values of BTC from Table 1. [27] Measured concentrations of retained bacterial cells are in marked disagreement with those predicted by classical CFT, with the exception of those measured at the higher ionic strengths (Figure 3 ). This observation is consistent with other studies using model colloids, bacteria, and protozoa [Martin et al., 1996; Tong et al., 2005a Tong et al., , 2005b Elimelech, 2004b, 2005b] . As the solution ionic strength increases, the measured spatial distribution of bacteria approaches that calculated using values of BTC (i.e., that predicted by CFT). Although the spatial distribution of retained D21 cells measured at 300 mM is also fairly close to model predictions, the experimental data are shifted below the dashed line (Figure 3e ). This result can be directly related to leaching of the radiolabel resulting in greater error in the mass balance at this ionic strength (as discussed previously in section 2). Although the spatial distributions of retained cells shown in Figure 3 were not corrected for the loss of radiolabel throughout the duration of the experiment, additional experiments conducted with a different mutant of the same bacterial strain (data not shown) indicate that radiolabel leaching should not affect the overall measured shape of the spatial distribution of cells or the observed trend in deposition behavior.
Comparison of Attachment Efficiencies: Bacterial Cells and Other Particles
[28] In previous studies conducted with uniform polystyrene latex particles and oocysts of C. parvum in columns packed with glass bead collectors, the observed deviation from CFT at lower solution ionic strengths was attributed to the concurrent existence of both favorable and unfavorable conditions for deposition Elimelech, 2005a, 2005b] . Such variations in colloid-collector interactions can be attributed to the presence of particle (or population) heterogeneity which directly affects the three major deposition mechanisms depicted in Figure 4 of Tufenkji and Elimelech [2004b] . These studies [Tufenkji and Elimelech, 2004b ] also demonstrated that considerable insight can be obtained into the key mechanisms controlling the observed deviation from CFT by comparing values of the attachment efficiency calculated from the breakthrough curve ( BTC ) to those measured from the corresponding profile of retained particles (using equations (2) and (3)). In Figure 4 , values of BTC calculated from each bacterial breakthrough curve are plotted against values of the attachment efficiency calculated from the exponent in equation (2) (equivalent to the slope of the linearized form of equation (2)). In such a plot, data points which fall on the dashed line (slope of 1 and intercept of zero) indicate perfect agreement between values of the attachment efficiency calculated from the bacteria breakthrough curve ( BTC ) and the attachment efficiency determined from the exponent of the corresponding retained profile ( EXP ). These data are represented by solid circles, where each close pair of circles represents a set of replicate experiments at a given ionic strength. The experimental reproducibility is quite good overall, except at the lowest ionic strength, where it becomes more difficult to replicate such measurements. Decreasing values of BTC correspond to a decrease in solution ionic strength. Calculations show Figure 4 . Comparison of attachment efficiencies determined from exponent of retained particle profiles ( EXP ) and attachment efficiencies calculated from particle breakthrough curves ( BTC ) for 0.063 m latex particles (open circles), 0.32 m latex particles (squares), 3.0 m latex particles (inverted triangles), C. parvum oocysts (diamonds), and radiolabeled D21 (solid circles). Experimental conditions were the same as in Figure 2 and are summarized in Table 1 . Reprinted in part with permission from Elimelech [2005a, 2005b] . Copyright (2005) American Chemical Society.
that when the measured spatial distribution of retained cells is corrected for the loss of radiolabel, the position of the data points (solid circles) shown in Figure 4 do not shift in a noticeable fashion.
[29] Also included in Figure 4 are experimental data obtained in previous studies using latex particles and oocysts of C. parvum Elimelech, 2005a, 2005b] . These additional results are shown here to facilitate interpretation of the bacterial data and to better understand the causes of the observed deviation in bacterial deposition from CFT. Colloid deposition experiments conducted with different sized latex particles and columns packed with similar glass beads revealed that the degree of deviation from CFT decreases with decreasing particle size [Tufenkji and Elimelech, 2005a] . Some of these results are presented in Figure 4 ; the open circles, squares, and inverted triangles represent 0.063, 0.32, and 3.0 m particles, respectively. Clearly, the data obtained with the smaller colloids are closer to the dashed line (i.e., they are located further to the left of the plot). Furthermore, in a study comparing the deposition behavior of C. parvum oocysts with similarly sized latex particles, the data points measured from the breakthrough curves and retained profiles obtained with C. parvum oocysts (diamonds in Figure 4 ) fall in the same region of the plot as those obtained with the latex particles (inverted triangles in Figure 4 ) [Tufenkji and Elimelech, 2005b] . In that study, it was proposed that the mechanisms controlling the observed deviation from CFT are the same in both the oocyst -glass bead system and the latex particleglass bead system.
[30] Inspection of Figure 4 reveals that the data measured for E. coli D21 all fall to the far right of the plot. On the basis of the measurements discussed above with different sized latex colloids and C. parvum oocysts, this observation for the bacterial cells is quite unusual. The measured size of the bacterial cells is 2.0 m. Thus, if the mechanisms causing deviation of bacterial deposition from CFT were the same as those identified for the latex-and oocyst -glass bead systems, it would be expected that the data obtained using this bacteria would fall to the left of the measurements for the larger particles (inverted triangles and diamonds in Figure 4 ). That is, based on previous findings which show an increased deviation from CFT with increasing particle size [Tufenkji and Elimelech, 2005a] , it is anticipated that the data obtained with 2 m sized bacterial cells would be in better agreement with CFT than that obtained with 3 m sized microspheres.
[31] Calculations of DLVO interaction energies for the bacteria -glass bead system reveal the presence of a secondary energy minimum (Table 1 ) comparable in size to that predicted for latex -and oocyst -glass bead systems Elimelech, 2005a, 2005b] . In addition, the soda lime glass beads used in this work are the same as those used in previous studies [Tufenkji and Elimelech, 2004b . Thus both secondary minimum deposition and the presence of surface charge heterogeneities are expected to contribute to the observed deviation in bacterial deposition from CFT. However, the position of the data in Figure 4 obtained with E. coli D21 suggests that another mechanism may also be contributing to the observed deviation from CFT. As discussed above, the observed degree of bacterial deposition cannot be fully explained using the classic description of particle attachment which considers transport of particles over an energy barrier into the primary energy well (Figure 2 and Table 1 ). Consideration of the contribution of secondary minimum deposition also does not fully explain the results shown in Figure 4 . Rather, these results suggest that other non-DLVO-type interactions may influence the excessive deviation from CFT observed in the deposition behavior of E. coli D21. This concept will be discussed in more detail later in the paper.
Application of a Dual Deposition Mode Model to Describe Bacterial Transport
[32] The dual deposition mode (DDM) model has successfully been applied to describe the deposition behavior of both polystyrene latex colloids [Tufenkji and Elimelech, 2004b] as well as oocysts of C. parvum [Tufenkji and Elimelech, 2005b] in columns packed with glass beads. The model accounts for the concurrent existence of both favorable and unfavorable conditions in an otherwise homogeneous system by including a bimodal distribution of the particle deposition rate coefficient k in the classical CFT [Tufenkji and Elimelech, 2004b] :
where p(k) is the linear combination of two normal (Gaussian) distributions:
where k slow and k fast are the mean deposition rate coefficients, slow and fast are the corresponding standard deviations, and f slow and f fast are the fractions of the total population associated with each mode. Equation (4) is based on the classical colloid filtration theory which is a steady state solution for microbe transport that neglects the effects of hydrodynamic dispersion and microbe detachment from collector surfaces.
[33] It has been shown in the above mentioned studies that in the presence of repulsive colloidal interactions, particles may exhibit a dual deposition mode whereby a fraction of the particle population experiences a ''fast'' deposition rate and the remaining particles deposit at a ''slow'' rate. The presence of a deep secondary energy minimum as well as local charge heterogeneities on particle and/or collector surfaces can provide conditions for favorable or ''fast'' particle deposition, where the attachment efficiency, , approaches one. In contrast, the general occurrence of repulsive energy barriers (unfavorable condition) gives rise to particle deposition rates which are much ''slower'', characterized by lower values of the attachment efficiency, i.e., ( 1. It should be noted that this distribution in particle-collector, or in this case, bacteriacollector interactions, is driven by the presence of inhomogeneity in the bacteria population (e.g., surface charge heterogeneity).
[34] Sensitivity analysis shows that under most relevant conditions, calculations of S(x) using equations (4) and (5) are not very sensitive to the values of slow and fast [Tufenkji and Elimelech, 2005b] . That is, when the coefficient of variation (CV = /k) is increased to as much as 0.30 or decreased to zero, the resulting DDM model fits and parameter values are nearly identical. This implies that a simpler, discrete bimodal distribution can be used where CV = 0. In this case, equation (5) is replaced with:
where is the Dirac delta function [Baygents et al., 1998 ].
[35] A nonlinear regression analysis (using LevenbergMarquardt approach) was used to fit the discrete DDM model (equations (4) and (6)) to the measured profiles of retained bacteria. The two parameters varied during the optimization procedure are the deposition rate coefficient for the slow subpopulation k slow and the fraction f slow of the total population associated with this rate. The deposition rate coefficient of the rapidly depositing fraction k fast was established by setting the maximum deposition rate coefficient k max equal to the transport limited rate (i.e., max = 1), where k fast = k max . Values of optimized model parameters (reported as slow and f fast ) determined for E. coli D21 as well as calculated values of the adjusted coefficient of determination (R adj 2 ) are shown in Table 2 as a function of ionic strength.
[36] In Figures 5a and 5b, spatial distributions of retained E. coli D21 cells measured at two different ionic strengths (symbols) are compared to predictions based on the discrete DDM model (solid lines) as well as classical CFT (dashed lines). Predictions based on the discrete DDM model seem to be in generally good agreement with the measured concentrations of retained bacteria at different solution ionic strengths. However, it can be noted in Figure 5 that model calculations deviate from the observed profiles near the top of the packed bed (0 < x < 1 cm) under all conditions. Specifically, in the top centimeter of porous media, the measured concentrations of retained bacteria are consistently greater than those predicted by the DDM model. This behavior indicates that the value of k fast , the deposition rate coefficient of the rapidly depositing fraction, is too low to allow complete characterization of the profiles of retained bacteria. As described previously, the value of k fast was determined by setting the maximum attachment efficiency, max , equal to 1. Hence the observed disagreement in model predictions with experimental data could be an indication that a mechanism not considered in classical colloid filtration theory may be influencing the bacterial attachment efficiency (i.e., giving rise to an max value which is greater than 1).
[37] Improved predictions of measured retained bacteria profiles can be obtained by increasing the deposition rate associated to the ''fast'' fraction of the population, k fast . In Figure 6 , the experimental data from Figure 5 are compared to DDM model calculations where the value of k fast (or fast ) is determined by nonlinear regression of equations (4) and (6) to the measured spatial distribution of retained cells. New values of optimized model parameters are included in Table 2 for comparison. DDM model predictions presented in Figure 6 are in better agreement with measured profiles of bacteria than those shown in Figure 5 . Particularly, an increase in the magnitude of fast (from 1 to an average of 1.3) results in an improved fit of bacteria concentrations in Determined by nonlinear regression of equations (4) and (6) Figure 5. Comparison of experimental retained E. coli concentration profiles (symbols) and predictions based on the discrete DDM model with two fitting parameters (solid lines) and the classical CFT using BTC determined from the corresponding breakthrough curve (dashed lines) for (a) D21 at 30 mM and (b) D21 at 100 mM. Experimental conditions were the same as in Figure 2 . Fitted DDM model parameters were the deposition rate coefficient k slow and the fraction f slow of the total population associated with this mode. The value of fast was based on the transport-limited rate (i.e., max = 1). Model parameters and predictions are summarized in Table 2 . the first centimeter of the packed bed. An increase in values of R adj 2 further demonstrates the observed improved agreement in model predictions when fast is increased to values greater than one ( Table 2 ). As suggested above, fitted values of fast that are larger than one may be an indication that another mechanism not considered in classical filtration theory could contribute to the removal of cells from the pore fluid. However, it should be noted that the final fitted values of fast are not much greater than 1 (Table 2, third and fourth rows). This variation in the attachment efficiency could very likely be a result of slight experimental error in the calculation of the single-collector contact efficiency ( 0 ) which was determined using the measured breakthrough value in the 300 mM experiments.
Comparison of Bacteria Elution Experiments With Model Predictions
[38] In a previous study, optimized DDM model parameters were verified experimentally using elution experiments, where the fraction of particles eluted following injection of a series of particle-free electrolyte solutions was evaluated [Tufenkji and Elimelech, 2004b] . It has been proposed that the elution of deposited particles following exposure to a low ionic strength solution can be attributed to release from the secondary energy minimum [Franchi and O'Melia, 2003; Litton and Olson, 1996; McDowell-Boyer, 1992; Redman et al., 2004; Tufenkji and Elimelech, 2004b] , whereas an injection of a high pH solution should promote release of particles retained as a result of local charge heterogeneities on collector and particle surfaces [Ryan and Elimelech, 1996] . Specifically, in an investigation conducted with uniform latex colloids [Tufenkji and Elimelech, 2004b] , it was shown that the fraction of particles released following injection of low ionic strength and high pH solutions was in excellent agreement with values of the fitted DDM model parameter, f fast . This demonstrated that the particles which deposit at a fast rate are those which are retained in a secondary energy minimum and as a result of surface charge heterogeneities. In a similar experiment conducted with C. parvum oocysts, disagreement between values of f fast and the measured fraction of released particles f rel was attributed to the influence of nonspecific interfacial interactions between oocyst wall proteins and the glass bead collector [Tufenkji and Elimelech, 2005b] . In this section, a set of elution experiments was conducted with E. coli D21 to obtain further insight into the mechanisms controlling bacterial deposition. In these elution experiments, two additional pulses of bacteria-free solutions were pumped through the column following a typical bacteria injection: (1) a pulse of much lower ionic strength (0.1 mM KHCO 3 ) to eliminate the presence of the secondary minimum and (2) a solution at high pH (1 mM KOH) to promote release of bacteria deposited as a result of surface charge heterogeneities.
[39] In Figure 7 , the normalized effluent bacteria concentration (C/C 0 ) is plotted for the elution experiments conducted with E. coli D21 at 30 and 100 mM (in Figures 7a and 7b, respectively) . The shapes of the elution peaks in Figure 7 are similar over the range of different experimental conditions and comparable to those observed previously with latex microspheres. To quantitatively compare the results of the different elution experiments, the fraction of released bacteria, f rel , was calculated by numerically integrating the two elution pulses in Figures 7a and 7b (N rel ) and dividing by the total number of bacteria deposited during the first phase of the experiment (N dep ) (Table 2, sixth column). Similarly to the results observed with latex microspheres, calculated values of f rel increase with increasing solution ionic strength [Tufenkji and Elimelech, 2004b] . As the solution salt concentration is increased from 30 to 100 mM, the fraction of released D21 cells increases from 0.9 to 1. A large number of D21 cells are released upon changes in solution chemistry. However, in contrast to the results obtained with 3 m latex microspheres, measured values of f rel are generally in considerable disagreement with fitted values of the DDM model parameter, f fast (Table 2) . Specifically, the fraction of bacteria released is significantly greater than the fraction of bacteria depositing at a fast rate. To verify whether cells were still live after injection of low ionic strength and high pH solutions, viability tests were conducted at both conditions (as described previously in section 2). These tests indicated that $98% of cells were live in 0.1 mM KHCO 3 but only $23% were live Figure 6 . Comparison of experimental retained E. coli concentration profiles (symbols) and predictions based on the discrete DDM model with three fitting parameters (solid lines) and the classical CFT using BTC determined from the corresponding breakthrough curve (dashed lines) for (a) D21 at 30 mM and (b) D21 at 100 mM. Experimental conditions were the same as in Figure 2 . Fitted DDM model parameters were the deposition rate coefficients k slow and k fast and the fraction f slow . Model parameters and predictions are summarized in Table 2. at pH 11. Because most cells were released following injection of the first pulse of bacteria-free electrolyte solution (0.1 mM KHCO 3 ), the observed high degree of bacteria elution cannot be attributed to cell lysing. Furthermore, microscopic examination of column effluent samples during bacterial elution did not reveal any cell clumping which may have explained the observed high degree of cell release.
[40] The results of the experiments shown in Figure 7 indicate that the elution behavior of bacterial cells upon perturbations in solution chemistry is not as simple as that of uniform latex microspheres. In effect, the presence of different biomolecules on the surface of microbial cells can give rise to a complex combination of adhesion mechanisms in addition to the classical DLVO interactions typically considered. In general, these findings are consistent with those presented previously; that is, the observed bacterial adhesion behavior is not entirely consistent with classic DLVO interpretation or the proposed dual deposition mode model. Previous work by other researchers [Walker et al., 2005a] suggests that E. coli strain D21 exhibits significant local charge heterogeneity on the outer cell membrane. Interestingly, this nanoscale charge heterogeneity was found to be more important for cells cultured in the stationary growth phase, which is the case for the bacteria used in this study. Excessive cell surface charge heterogeneity has important implications for both bacterial attachment to and release from collector surfaces as it will give rise to broad distributions in the net interaction energy between cells and the surface (as discussed previously). These variations in bacteria-collector interaction energies could explain the observed bacterial detachment behavior which is quite different from that expected based on predictions using the dual deposition mode model [Tufenkji and Elimelech, 2004b] .
Classical DLVO Theory Cannot Explain Observed Bacterial Deposition
[41] Data shown in Figure 2 indicate that the E. coli used in this work exhibits a considerable degree of deposition despite DLVO calculations revealing a significant repulsive energy barrier to attachment (Table 1) . Comparison of the observed bacterial deposition behavior to that of other particles (latex microspheres and oocysts of C. parvum) provides further evidence that a mechanism other than classical DLVO interactions may play an important role (Figure 4) . Specifically, this comparison reveals that even when the contribution of secondary minimum deposition is considered, the measured deviation from CFT is not accounted for. Although the spatial distributions of retained bacterial cells can be fairly well described using a discrete DDM model, elution experiments conducted with E. coli D21 at different ionic strengths are in disagreement with predictions based on this model. Taken together, these results point to the influence of a mechanism which is specific to microbial deposition and not accounted for either in classical DLVO theory or in the DDM model.
[42] Several studies have related bacterial transport and deposition behavior to various non-DLVO forces or interactions, namely, hydrophobic interactions [Azeredo et al., 1999; Iwabuchi et al., 2003; Ong et al., 1999; van Loosdrecht et al., 1987] , and interactions between collector surfaces and molecular cell surface features (e.g., flagella [Prigent-Combaret et al., 2000] , fimbrae [Otto et al., 1999 [Otto et al., , 2001 , and EPS [Iwabuchi et al., 2003; Olofsson et al., 2003] ). In a study using an adhesion-deficient Comamonas strain, researchers suggested that the observed deviation from classic exponential deposition behavior in the packed bed was controlled by steric interactions from extracellular polymers [Tong et al., 2005a] . As mentioned previously in section 2, the organism used in this work lacks flagella and is not an EPS producer. However, E. coli D21 does express a lipopolysaccharide (LPS) layer which may play a role in the observed deviation from colloid filtration theory. The significant degree of adhesion observed in these column transport studies (Figure 2) indicates that the LPS did not contribute to a steric repulsion mechanism. Rather, the results shown in Figures 2, 4 , and 5 suggest that the presence of LPS and other membrane-bound biomolecules may enhance adhesion of bacterial cells to collector surfaces. This is in agreement with another study using the same strain of E. coli and two other related strains where it was observed that bacterial adhesion to quartz surfaces was quite important for all three cell types . [43] Other experimental and theoretical investigations of bacterial deposition in laboratory-scale columns have alluded to the occurrence of a broad range of microbial deposition rates [Albinger et al., 1994; Baygents et al., 1998; Tufenkji et al., 2003] attributable to heterogeneity in the interactions between the microorganisms and collector surfaces. Using atomic force microscopy (AFM) to investigate the role of lipopolysaccharides in the adhesion of E. coli JM109 (a strain related to D21), Abu-Lail and Camesano [2003] observed wide distributions of adhesion affinities between the AFM tip and LPS molecules. These authors similarly noted considerable heterogeneity in biopolymer adhesive properties in a strain of Pseudomonas putida [Camesano and Abu-Lail, 2002] . The presence of complex macromolecules (which differ in length, conformation, and charge properties) on the surface of bacterial cells can give rise to adhesive behavior otherwise not observed in experiments involving model colloids (e.g., polystyrene latex microspheres). As discussed in the previous section, it has been suggested that the bacterial strain used in this study (E. coli D21) exhibits considerable local cell surface charge heterogeneity when cultured in the stationary growth phase [Walker et al., 2005a] . This charge heterogeneity of the cell membrane has been attributed to outer membrane-bound proteins and LPS-associated functional groups. The results of the present work are in accord with the hypothesis that significant local charge heterogeneity of the bacterial cell surface contributes to the observed deviation from colloid filtration. It should be noted that such charge heterogeneity of the bacterial cell surface will not only affect bacterial deposition behavior, but also the observed degree of bacterial release from collector surfaces.
